Structures of all three poliovirus (PV) serotypes (PV1, PV2, and PV3) complexed with their cellular receptor, PV receptor (PVR or CD155), were determined by cryoelectron microscopy. Both glycosylated and fully deglycosylated CD155 exhibited similar binding sites and orientations in the viral canyon for all three PV serotypes, showing that all three serotypes use a common mechanism for cell entry. Difference maps between the glycosylated and deglycosylated CD155 complexes determined the sites of the carbohydrate moieties that, in turn, helped to verify the position of the receptor relative to the viral surface. The proximity of the CD155 carbohydrate site at Asn105 to the viral surface in the receptor-virus complex suggests that it might interfere with receptor docking, an observation consistent with the properties of mutant CD155. The footprints of CD155 on PV surfaces indicate that the south rim of the canyon dominates the virus-receptor interactions and may correspond to the initial CD155 binding state of the receptor-mediated viral uncoating. In contrast, the interaction of CD155 with the north rim of the canyon, especially the region immediately outside the viral hydrophobic pocket that normally binds a cellular "pocket factor," may be critical for the release of the pocket factor, decreasing the virus stability and hence initiating uncoating. The large area of the CD155 footprint on the PV surface, in comparison with other picornavirus-receptor interactions, could be a potential limitation on the viability of PV escape mutants from antibody neutralization. Many of these are likely to have lost their ability to bind CD155, resulting in there being only three PV serotypes.
copies each of the capsid proteins VP1, VP2, VP3, and VP4 and one copy of the single-stranded RNA genome. Membraneassociated CD155 and even soluble CD155 are able to transform PV (160S) particles in vitro (1) to altered particles (Aparticles, 135S) in which VP4 is absent, and to empty particles (80S) lacking both VP4 and the viral genome. The 135S and 80S particles are possible intermediates in the PV uncoating pathway (1, 10, 11) .
Like wild-type CD155, the fully deglycosylated CD155 can also behave as a receptor for all three PV serotypes. Deglycosylated CD155 is significantly more efficient in mediating PV infection compared to the wild-type CD155 (5, 6) . The glycosylation site at Asn105 of CD155 D1 has been identified to be responsible for the increased infectivity. This observation is somewhat unusual since wild-type receptors usually have higher activity than mutants. Although insect cells and mammalian cells normally produce different sugar moieties for glycoproteins, the soluble form of CD155 expressed in insect cells still retains binding activity for PV (1) . This suggests that the sugar moiety at Asn105 is unlikely to be involved in the binding interface between CD155 and PV, and its influence on infectivity might be due to steric hindrance.
The normal physiological function of CD155 is slowly emerging. CD155 is a cell surface adhesion molecule with affinity to vitronectin (27) mediating cell-to-matrix contacts. It has been suggested that CD155 plays a role in the development of the CNS during embryogenesis (16) . Moreover, recent evidence indicates that the cytoplasmic domain of CD155 can interact specifically with the light chain of a dynein motor complex, thus helping viral invasion of the CNS through the retrograde axonal pathway (36) .
A large number of enteroviruses and rhinoviruses use immunoglobulin-like molecules as their receptors for recognizing and entering host cells. Several of these picornavirus-receptor complexes have been studied by combining cryoelectron microscopy (cryoEM) and X-ray crystallography (45) . Examples are major-group rhinoviruses and coxsackievirus A21, which use intracellular adhesion molecule-1 (ICAM-1) (26, 51) ; PVs, which use CD155 (4, 18, 52) ; and coxsackie B viruses (CVB), which use coxsackievirus-adenovirus receptor (CAR) (19) . All of these receptors utilize the membrane-distal, N-terminal domain to bind into the viral canyon, a narrow depression around each of the icosahedral fivefold axes (43) . It has been suggested that binding of the receptor into the canyon competes with the binding of a "pocket factor" into a hydrophobic pocket underneath the canyon. Release of the pocket factor could destabilize the virus and, thus, initiate uncoating (42) . This property is utilized by a group of antiviral compounds (47) that stabilize the virus by binding into the pocket, thus inhibiting the capsid flexibility ("structural breathing") and uncoating (29) . Conservation of the receptor binding site among enteroviruses and major-group rhinoviruses confirms the significance of the canyon as a functionally important receptor-binding site and as a potential trigger for viral uncoating (42) .
Two recent examples indicate that the canyon is not the only receptor-binding site on enterovirus and rhinovirus surfaces. In the case of human rhinovirus serotype 2 (HRV2), a member of the minor group of rhinoviruses, the very-low-density-lipoprotein receptor binds close to the icosahedral fivefold axes instead of the canyon (22) . In addition, decay-accelerating factor, the receptor of many echoviruses and some coxsackieviruses (40, 41) , binds close to the icosahedral twofold axes on the surface of echovirus 7 (20) . Unlike the canyon-binding receptors, these non-canyon-binding receptors seem to be utilized only for recognition without initiating cell entry and uncoating. Although there is considerable diversity of virus-receptor interactions among different enteroviruses and rhinoviruses, the conservation of the receptor-binding mode is mostly retained among different serotypes that utilize a common cellular receptor. For instance, the structures of HRV14 and HRV16 each complexed with ICAM-1 (26) show that these different serotypes of major-group rhinoviruses bind receptor at the same location in similar orientations.
The PV1-CD155 complex has been studied by cryoEM (4, 18, 52) to ϳ22-Å resolution. Although domain D1 of CD155 binds into the canyon, its tangential binding orientation relative to the viral surface is quite different from that of ICAM-1 (26, 51) and CAR (19) . As a result, CD155 has a larger footprint than that of ICAM-1 because of an additional binding region on the east side of the canyon (18) . Here, we report the structures of virus-receptor complexes of all three PV serotypes investigated by cryoEM image analysis. Comparison of glycosylated and fully deglycosylated CD155-virus complexes allowed the determination of the carbohydrate site positions. These sites provided restraints on the fitting of the CD155 homology model into the cryoEM density maps, thus increasing the accuracy of the atomic structure determination of the complex. This showed that CD155 utilized very similar binding modes on the surface of each of the PV serotypes. Fig. 1a . The residues that are important for receptor binding, as indicated by mutagenesis studies, are marked by "x" (6, 17) and "ϩ" (9, 30, 34) .
MATERIALS AND METHODS
Purification of poliovirus. PV1 Mahoney with the rhinovirus type 2 IRES (RIPO), a highly attenuated derivative of PV1 (Mahoney) [PV1(M)] from which the cognate internal ribosomal entry site was exchanged with that of HRV2 (15) , was amplified in HeLa cells (in minimum essential medium modified for suspension cultures plus 10% bovine serum, 35°C) by infecting the cells with PV1 (RIPO) inoculum (multiplicity of infection of 10) for 9 h. The infected cells were collected and homogenized. Viral particles were purified by sedimentation through a 30% sucrose cushion and through a 15 to 45% sucrose gradient and then concentrated to ϳ10 mg/ml in 0.1 M Tris buffer with 0.2 M NaCl at pH 8.3. The same procedure was applied for the amplification and purification of both PV2 and PV3 particles.
Expression of poliovirus receptor. A soluble CD155 derivative was prepared by fusing the coding region of the 337 N-terminal codons of CD155 (including all three extracellular immunoglobulin-like domains) to the N-terminal coding region of human placental alkaline phosphatase (AP) (18) by using plasmid pAPtag2 to yield plasmid pCD155-AP (14) . The secreted fusion protein, CD155-AP, was expressed with this vector in 293 cells and purified from cell supernatants through a size exclusion column. The fully deglycosylated CD155-AP fusion protein (in which the DX S/T motif had been changed to EX S/T) was expressed and purified similarly. Both purified CD155-AP samples were concentrated to ϳ8 mg/ml in 0.1 M Tris buffer at pH 7.5. cryoEM experiments. Purified PV particles were mixed with CD155-AP samples at 4°C and incubated for ϳ15 min. There were about five receptor molecules to every receptor-binding site. Small aliquots (ϳ3.5 l) of this mixture were attached to carbon-coated electron microscope grids and vitrified in liquid ethane as described by Baker et al. (3) . Electron micrographs were recorded on Kodak SO-163 film in a Philips CM300 FEG microscope at a nominal magnification of 45,000 and a dose level of ϳ20 e Ϫ /Å 2 ( Table 1) . Micrographs were then digitized on a Zeiss PHODIS microdensitometer at 14-m intervals, which corresponds to 3.11 Å at the specimen.
An earlier cryoEM image reconstruction of a PV1 (18) particle was used as the initial model for determining the orientation of each projected particle by means of the model-based polar-Fourier-transform method (2). Orientation refinement was monitored by correlation coefficients computed with real and reciprocal space data (3). The resolution of the resulting reconstruction (Table 1) was estimated by splitting the image data into two sets and comparing structure factors obtained in the separate reconstructions. The defocus level was calculated for each image and used to calculate the phase-contrast transfer function for the reconstructions (3). The hand of the resulting reconstruction was verified by comparing the asymmetric "V" shape of the canyon with that seen in the crystal structures of PVs and other picornaviruses. Reconstructions of PV1, PV2, and PV3, each complexed with both glycosylated CD155 and fully deglycosylated CD155, were calculated according to the same procedure (Fig. 2) .
Difference map calculation. The first step in the determination of the position of the carbohydrate sites was to make sure that all maps had the same magnification. This was achieved by identifying all map grid points (mask) that were associated with the capsid protein shell by comparison with the X-ray crystallographic atomic coordinates (PDB accession numbers: 2PLV for PV1, 1EAH for PV2, and 1PVC for PV3). The atomic coordinates were also used to compute structure factors representing the protein shell limited to 15-Å resolution data and using a temperature factor of 1,000 Å 2 . This map was then compared to the cryoEM map within the volume defined by the mask by computing correlation coefficients, assuming a series of pixel sizes for the electron microscopy (EM) map. The correct magnification of the EM map corresponded to the highest correlation. The scaled pixel sizes varied from 2.88 Å to 2.93 Å for the various cryoEM maps, whereas the independently EM-calibrated pixel size was 3.11 Å ( Table 1 ). The second step was to determine a relative scale for the height of the densities. This scaling was done in reciprocal space by minimizing the squared difference between structure factors representing the X-ray and cryoEM maps within the volume of the mask. Having established both the radial and amplitude scale factors, vector difference maps were computed between receptor-virus complexes and the virus maps for each of the PV serotypes. In the third step, further difference maps were computed between the glycosylated receptor density and the deglycosylated receptor density, resulting in the identification of the carbohydrate sites (Table 2 ). This process compensated for possible unequal occupancy of the receptor on the viral surface. The final maps and difference maps were visualized using the program O (24) .
There are two (Asn105 and Asn120), three, and three potential glycosylation sites in domain D1, D2, and D3 of CD155, respectively (Table 3 and Fig. 3 ). Four carbohydrate density features, two on D1 and two on D2 (Asn188 and Asn237), were found in the cryoEM difference maps of the PV1-CD155 complexes. The volume of the carbohydrate sites at Asn120 and Asn237 are the largest and might indicate that these sites are associated with longer polysaccharide molecules. However, only three carbohydrate moieties (one on D1 and two on D2) were found in the PV2-and PV3-CD155 complexes. The missing site at Asn105 is close to the viral surface. The different densities between the glycosylated CD155 and the deglycosylated CD155 show some peaks that belong to the carbohydrate sites of D3. However, due to the low-density height of these peaks and the unavailability of the CD155 structure, it is difficult to be sure of the correct structural interpretation of the glycosylation sites for domain D3.
Accession numbers. The coordinates of the various CD155 complexes with PV1, PV2, and PV3 have been deposited with the Protein Data Bank (accession numbers 1NN8).
RESULTS AND DISCUSSION
Model fitting. An earlier atomic model of CD155 had been generated based on homology of the three different domains to immunoglobulin-like structures and on adjustment with respect to the then-available ϳ22-Å resolution cryoEM density of CD155 complexed with PV1 (18) (PDB accession no. 1DGI). This model fitted reasonably well into all of the six cryoEM maps presented here (Table 3) . Nevertheless, attempts were made to improve the relative orientation of the individual domains within the CD155 model by using the program EMfit (44) . To achieve this, adjustments were made to the model with respect to the new 15-Å resolution map for PV1 complexed with glycosylated CD155. This map had the highest resolution of all of the maps presented here and permitted restraining of the domain positions with respect to the four identified glycosylation sites. Since the highest density was . In this formula, i , is the electron density of the boxed cryoEM image, m is the electron density of the model projection, and r is the radius of the corresponding density point used to assure proper weighting of the densities. The angle brackets indicate mean values.
c Resolution at which the correlation between two independent three-dimensional reconstructions falls below 0.5.
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associated with domain D1 and the weakest with domain D3 (Table 2) , the domains were fitted separately starting with domain D1 and finishing with domain D3, while being restrained by the positions of the glycosylation sites. Fitting of domain D2 was further restrained by requiring a minimal distance between the carboxy end of the already-fitted domain D1 with the amino end of domain D3. The density of domain D3 was of insufficient quality and lacked observable glycosylation sites to permit accurate fitting. Hence, its position and orientation were taken from the earlier model. The new model retained the relative orientation and positions of domain D2 and D3 to each other, but domain D1 has a rotation of 41.9°a bout its long axis compared to the previous model. The biggest displacement was 6.8 Å for C ␣ atoms in residues that were in contact with the virus surface. This change in the model structure was based on a better fit of the D1 model to the density and carbohydrate sites.
The new model was used to fit into the cryoEM maps representing PV2 and PV3 complexed with glycosylated or deglycosylated CD155 ( Table 2 ). The new model gave a higher Table 1 . Also shown (bottom left) is an enlarged, surface-shaded representation of the icosahedral asymmetric unit showing the complex of glycosylated CD155 with PV1. At the bottom right is an explanation of the north and south notation used to describe the canyon topology. average density (sumf) taken over all C ␣ atoms in all six complexes compared to the old model ( Table 2 ). The average value of sumf systematically decreases from domain D1 to D3 on account of the progressive increase in flexibility of the receptor as its distance from the virus surface increases. The AP domain (53 kDa when unglycosylated), fused to the CD155 molecule at its carboxy terminus, appeared only as a diffuse, low-density feature at almost the level of the background noise. The slightly higher values (Table 3) of sumf for PV2 and PV3 compared to PV1 are probably the result of the lower resolution and, hence, blurring of these maps, thus presenting a more uniform density to the model. The average distance between the position of the glycosylation sites to the appropriate C ␣ atom varied from 11.4 to 14.3 Å , which is comparable to a similar measurement in the structural determination of Sindbis virus (53) .
To further validate the result of the EMfit program, the new model structure was used in conjunction with the SITUS program (50) for fitting into the various cryoEM maps. The algorithm used by SITUS for fitting is dependent on detecting the edges of density shape. In contrast, the EMfit program is dependent on maximizing the height of the density of all atoms in the cryoEM density. Furthermore, the EMfit results were restrained, when appropriate, by information on the position of the glycosylation sites, whereas the SITUS program fit is independent of the information derived for the glycosylation sites. In spite of the considerable difference in the algorithms used by these programs, the fits of the model into the densities were very similar, with root-mean-square (r.m.s.) deviation between equivalent C ␣ atoms being less than 2.3 Å in all cases ( Table 4) .
The position and orientation of the new model in the glycosylated (restrained by the position of the carbohydrate sites) and deglycosylated cryoEM maps of PV1 differed by no more than the difference between using the EMfit and SITUS programs for fitting the model into the same density (Table 4) . Thus, there was no detectable impact of the carbohydrate sites in the receptor-binding orientation or position in the complexes with PV1. The slightly larger difference between glycosylated and deglycosylated results for PV2 and PV3 are likely to be the consequence of the poorer resolution achieved for the cryoEM reconstructions involving PV2 and PV3 (Table 1) .
The positions and orientations of the new model found for the different PV serotypes differed somewhat more than between the glycosylated and the deglycosylated structures for these serotypes. Whether this implies a real difference or merely an effect of the different qualities of the maps is uncertain. Nevertheless, at the current resolution, PV1, PV2, and PV3 have retained almost identical receptor-binding modes during their evolution, whereas their antigenic properties have   FIG. 3 . Stereoviews of superposition of the carbohydrate site difference densities obtained by subtracting the deglycosylated from the glycosylated CD155 densities. The carbohydrate densities are colored in red, green, and blue for those derived from the PV1, PV2, and PV3 complexes, respectively. The C ␣ backbone of CD155 is shown in black. a sumf is the average density at all C ␣ atoms when the maximum height of the map is set to 100. D1, D2, and D3 show the value of sumf for each separate domain.
b avgds is the average distance between the observed carbohydrate sites to the presumed C ␣ atoms of the glycosylated residue.
c The Asn105, Asn120, Asn188, and Asn237 columns list individual distances for each glycosylated site from the given residue. 
G-CD155-PV1 changed. This finding is similar to the binding modes of ICAM-1 to HRV14 and HRV16 (26) .
Virus-receptor interface. The footprints of CD155 (7) onto the surface of PV1, PV2, and PV3 were determined in terms of the shortest distance any one atom of a specific viral residue made with any atom of CD155 (Fig. 4) . There are two regions on CD155 that make contact with three regions on the viral surface. The CЈ-CЉ-D face of CD155 (Fig. 1a) makes contact with the south wall of the canyon, whereas the F-G face of CD155 interacts with the north wall of the canyon. The agreement between the positioning of mutations that alter virus infectivity and their proximity to the virus-receptor interface is a substantial improvement over the earlier structural studies (Fig. 1b) (18, 39) . Even though some mutated residues (e.g., Asp117) are not in the virus-receptor interface, they may affect the CD155 binding affinity due to the change of the protein fold (6) .
The glycosylated Asn105 and Asn120 residues are on the E and F strands, respectively, of CD155. The carbohydrate difference densities show that Asn105 is close to the south rim and Asn120 is pointing toward the north rim of the canyon (Fig. 5) . However, neither of these carbohydrate difference densities is in contact with the viral surface. Nevertheless, due to the proximity of Asn105 to the viral surface, the associated carbohydrate moiety, which is probably considerably bigger than the observed density, might cause steric hindrance with the south rim of the canyon during receptor binding. Hence, the absence of this carbohydrate moiety may increase binding affinity of the receptor, as was observed in mutagenesis studies (5, 6) .
The closest contacts between CD155 and the virus are with the south rim and east end of the canyon, whereas the residues on the north wall of the canyon make relatively distant contacts (Fig. 4) . The contact region with the north wall of the canyon, formed by residues Val1107 and Lys1109 in PV1 and PV2 or by Met1107 and Arg1109 in PV3, respectively, is close to the hydrophobic pocket in VP1. (Poliovirus residues are numbered sequentially from 1001, 2001, 3001, and 4001 for the viral proteins VP1, VP2, VP3, and VP4, respectively. Residues of CD155 are identified with only two or three digits.) Thus, the receptor interaction with the north side of the canyon is likely to be important for the release of the pocket factor and therefore the destabilization of the virus, whereas the contacts with the south wall and the east end of the canyon are likely to be more important for receptor recognition. This hypothesis finds support in the properties of a CD155 mutant (Q130G, G131D) that is unable to bind to PV1 and PV2 but can bind to PV3; however, the binding of this CD155 mutant to PV3 does not lead to viral infection, presumably because it cannot initiate viral uncoating (17) . These two mutated residues in CD155 are close to the north wall of the canyon in the virus-receptor complexes, with residue Gln130 close to the conserved viral residues 1107 and 1109 and residue Gly131 in the proximity of residue Glu1168 in PV1, Gly1168 in PV2, and Lys1168 in PV3. The phenotype of the mutant CD155 can be rationalized in that binding to PV1 and PV2 is destroyed by the extra charge on CD155 residue Asp131, whereas in PV3 there may be a formation of a salt bridge between Asp131 and Lys1168. However, due to the glycine at position 130, the CD155 mutant would no longer have the capacity to affect the binding of the pocket factor and therefore would be unable to alter the viral stability of PV3 as required for uncoating.
Receptor-mediated viral uncoating. It has been shown that PV interacts with the cellular receptor in two distinct steps (31, 48) . The first step, probably electrostatic in nature, can be isolated at 4°C. The second step, which dominates at higher temperatures, leads to irreversible structural changes of the virion, resulting in the formation of A-particles and 130S particles (49) . Recently, these steps have been correlated with two distinct binding affinities of CD155 when it binds to PV (31) . The relative abundance of the high binding affinity site decreases at low temperature, whereas the abundance of the low binding affinity site remains almost constant at different temperatures (31) . Therefore, the cryoEM structures of the PV-CD155 complexes, which were formed at 4°C, would represent the dominant "low-affinity" binding site. This correlates well with data suggesting that PV and CD155 may form an initial binding complex, which later is transformed to an activated complex (48) . Furthermore, cryoEM investigations (26, 37) showed that complexes of HRVs with their ICAM-1 receptor are more stable at 4°C. Therefore, the dominant lowtemperature CD155 binding site of McDermott et al. (31) and the initial binding complex of Tsang et al. (48) probably correspond to the structures observed by cryoEM. Hence, the tighter receptor-virus contacts with the south rim and the east end of the canyon define the initial binding orientation of CD155, whereas the north rim of the canyon may be responsible for forming the transient activated complex, which favors pocket factor release and uncoating. Increase of temperature could increase the "structural breathing" of the virion (29) , allowing the receptor to make better contacts with the north rim of the canyon (Fig. 6 ).
Although the contact regions of ICAM-1 with HRVs and of CAR with CVB3 (19) lack the additional region at the east end of the canyon, nevertheless the more extensive contact regions between receptor and virus are also on the south wall of the canyon (26) . Thus, the proposed functional division between different parts of the receptor footprint is likely to be equally valid for other rhinoviruses and enteroviruses. Moreover, the larger surface area utilized by CD155 in making contacts with the virus would require that more surface residues need to be conserved to retain the receptor-binding activity. This suggests that PV escape mutants from antibody neutralization may also lose their ability to bind to CD155. Thus, the large interface of CD155 with PVs, as opposed to ICAM-1 with HRVs or CAR with CVBs, would limit the number of possible PV serotypes, a hypothesis entertained previously (17) .
